The present study examined the diurnal variations of summer precipitation in the Beijing area by using subdaily precipitation and wind observations. A combined effect of topography and urbanization on the characteristics of diurnal variations was suggested. It was shown that stations located in the plain area exhibited typical night rain peaks, whereas those in the mountainous area exhibited clear afternoon peaks of precipitation diurnal variations. The precipitation peaks were associated with wind fields around the Beijing area, which were found to be highly modulated by mountain-valley circulation and urban-country circulation. The lower-tropospheric wind exhibited a clear diurnal shift in its direction from north at 0800 LST to south at 2000 LST, which reflected mountain-valley circulation. The transitions from valley to mountain wind and the opposite generally happened after sunset and sunrise, respectively, and both occurred earlier for the stations located closer to mountains. By comparing the diurnal variations of precipitation at stations in a northeast suburb, an urban area, and a southwest suburb, it was revealed that the northeast suburb group had the highest normalized rainfall frequency, but the southwest group had the lowest from late afternoon to late evening. On the contrary, in the early morning from about 0200 to 1000 LST, the southwest group and urban group had the highest normalized rainfall frequency. This pattern might originate from the combined effects of mountain-valley topography and urbanization.
Introduction
The diurnal variation of precipitation is one of the fundamental characteristics of weather and the climate system. Basically arising from diurnal variation of solar radiation and affected by dynamical backgrounds from very local to large-scale, a precipitation event tends to happen during a specific period of time in a day. In spite of the fact that much research has been done in recent decades, the ability of climate models to simulate diurnal variations of precipitation still needs to be improved. Therefore, more and more research focuses on the diurnal variations of precipitation, because it is acknowledged as one of the representative features required to diagnose local climate systems and to verify the performance of climate models (Zhou et al., 2008) .
Previous research showed that for the warm season (May to September), nocturnal (2000-0800 LST) precipitation predominated over the Tibetan Plateau, Southwest China, and Northwest China, whereas daytime (0800-2000 LST) precipitation predominated over Northeast China and Southeast China (Yu et al., 2007a; Yin et al., 2009 ). An early morning peak is distinct in central eastern China, which is mainly caused by frequent precipitation occurrences of relatively long duration (Yu et al., 2007b) . This morning peak tends to be strengthened (weakened) along with the advancement (retreat) of the East Asian monsoon trough (Yin et al., 2009) . Research on the diurnal variations of precipitation over southeastern China further revealed the mechanism of an enhanced early morning peak associated with the diurnal variation of monsoon activity (Chen et al., 2009a (Chen et al., , 2009b . Additionally, cloud radiative forcing was suggested as one of the primary factors in modulating the diurnal cycle of rainfall when the diurnal cycle in the southwestern and southeastern parts of southern contiguous China were compared (Li et al., 2008a) . Diurnal variations of surface flow over central eastern China were also revealed, and the contribution of the diurnal surface wind to the diurnal feature of precipitation was previously discussed (Yu et al., 2009; Chen et al., 2010) . Furthermore, it was found that diurnal variations exhibited long-term change (Fujibe et al., 2006) . For example, hourly precipitation records during 1961-2004 from the Beijing Nanjiao observatory station indicated that convective rainfall events of relatively short duration in the afternoon and early evening increased while relatively long duration events during the night and early morning decreased remarkably in forty recent years (Li et al., 2008b) . The afternoon peak caused by convective precipitation was believed to be enhanced by the intensification of the urban heat island (Fujibe et al., 2006) .
Beijing is situated at the northwestern part of the North China Plain, surrounded by mountains to the north, northwest, and west of the area (see Fig. 1 ). Therefore, it has been recognized that mountain-valley circulation significantly influences the local climate in the region around Beijing (Hu et al., 2005; Sun, 2005; Li and Shu, 2008; Wang et al., 2008a) . Associated with the diurnal variation of precipitation, Wu (1993) suggested that the precipitation in the mountainous area of Beijing, Tianjin, and Hebei Province exhibited a clear afternoon peak from convective precipitation, whereas that in the plain area exhibited a nighttime peak (Wu, 1993) . Lin (1995) made a general conclu- sion that stations in convex topography were prone to have more precipitation in the daytime, whereas those with concave topography have more nocturnal precipitation. The mountain-valley circulation around Beijing and its mechanism have been well described. In addition, Beijing is one of the most urbanized regions in the world, and more than 15 million people reside in the urban plain area, so it has been suggested that the urban heat island effect is also likely to have an influence on the diurnal variations of precipitation around the Beijing area. Sun and Yang (2008) showed that most mesoscale torrential rain processes induced by the combined influence of topography and urban circulation easily occurred in front of mountains in the evening or in the early morning. The amount and frequency of rainfall tends to be larger in urban centers and downwind areas than in the surrounding areas, especially for relatively intense convective rainfall in summer (Collier, 2006; Zheng and Liu, 2008) This effect, however, is not confirmed in the Beijing area in the existing literature by Sun and Shu (2007) and Wang et al. (2008b) . One possibility is that the indicators for seasonal rainfall amount and rainfall days used in these two studies may be not sensitive indices for convective rainfall processes.
The objectives of this research were to investigate: (1) diurnal variations of precipitation in Beijing and its adjacent area based on hourly precipitation data in summer from 26 stations; (2) mountain-valley circulation using lower-and upper-level National Centers for Environmental Prediction (NCEP) final analysis wind data and in situ surface observation wind data; (3) urban effects on rainfall using hourly precipitation as the indicator; and (4) possible effects of mountain-valley topography and urban effects on diurnal variations of precipitation.
Data and method
Hourly precipitation data from 1990 to 2007 from 26 automatic weather stations, of which 20 stations were located in the Beijing municipality and the other six belonged to neighboring Hebei Province (Fig. 1 , Tables 1 and 2), were utilized. About 72.5% of annual precipitation occurs in summer (June-July-August, JJA in short) in the Beijing area due to the East Asian monsoon (Wang et al., 2008c) , so only data in summer were analyzed in this study. The data loss rate, which was defined as percent of hours without observation dividing by total hours during 1990-2007, ranged from 0.5% to 24.5% with an average of 9.4%. Diurnal variations of precipitation can be characterized by the frequency, amount, and intensity of precipitation (Zhou et al., 2008) . Present study utilized the diurnal variation of precipitation frequency. Our previous study (Yin et al., 2009) suggested that diurnal patterns of precipitation frequency and amount were quite similar except that the afternoon maximum of precipitation amount was relatively higher due to intense convective precipitation in the afternoon. The frequency of hourly precipitation was defined as the number of rainfall hours divided by the total observation hours by using Eqs. (1) and (2). To facilitate the comparisons among stations in suburban and urban areas, the hourly occurrences were normalized by dividing them by the 24-h means following Yin et al. (2009) In Eqs. (1)- (3), n is the LST expressed in hours, d is the number of observation days, f n is the frequency of precipitation, c d,n is a counter (units: mm h −1 ), p d,n is the hourly precipitation amount, and F N,n is the normalized precipitation frequency.
Six-hourly zonal and meridional wind, from the NCEP final analysis of 1
• × 1 • spatial resolution data, in summer (June to August) from 2000 to 2007 were analyzed to show the characteristics of lower-and upper-level wind profiles (Table 2) . Six-hourly in situ observations of wind speed and wind direction from 1990 to 2007 for 26 stations were also analyzed to reveal surface wind fields (Table 2) . Hourly wind data from 2005 to 2007 for 20 stations (selected by the criteria with data loss less than 1%) were also collected to detect diurnal variations of wind (Table 2) .
Results and Discussion

Diurnal variations of precipitation
First, the general feature of diurnal variations of precipitation in the regions around the Beijing area was examined in Fig. 2 . Overall, most stations had more precipitation in the nighttime (2000-0800 LST) than in the daytime (0800-2000 LST) except for several stations located in the foot of the western and northwestern mountainous areas: Zhaitang, Tanghekou, Yanqing, Foyeding (the percentages of night rain for these stations were 43.6%, 44.9%, 45%, 45.9% and 49.5%, respectively, see Table 1 ). In particular, diurnal patterns of precipitation frequency at Zhaitang, Tanghekou, and Yanqing showed clear afternoon and early morning peaks (Fig. 2a) . These three stations were located on the lee slope of the western and northern mountainous areas where the annual precipitation was relatively lower compared with other stations (Table 1) . The other three stations in Fig.  2a , Shangdianzi, Xiayunling, and Foyeding, were also located in the western and northern mountainous areas, but their precipitation frequencies were generally higher, especially for the period from late night to early morning. The diurnal patterns of these six stations seem to be attributed to their local topography. They are located in the mountainous areas, where the surface is easily heated by incoming solar radiation during the daytime, and this may induce convective precipitation in the afternoon more frequently. Diurnal patterns of precipitation frequency for the remaining 20 stations located in the plain area (Figs. 2b, c, and d) exhibited high probability from 1800 LST to 0600 LST. Most of these 20 stations in Beijing and its adjacent area also exhibited an afternoon peak at about 1800-1900 LST and an early morning peak at 0600 LST. However, neither peak was very obvious due to relatively continuous higher rainfall probability during the nighttime. There were still some small differences among the stations in the plain area. First, the stations close to the piedmont windward slopes tend to have relatively higher precipitation frequency in the daytime. Second, for stations in the northeastern part of the Beijing Plain, the frequency from 1800 to 0200 LST tends to be higher (Fig. 2c) , which is more clearly seen in the spatial distribution of hourly precipitation frequency (Fig. 3) . The frequency distribution of hourly precipitation less than 5 mm h −1 , which is defined as the rainfall hours with intensity less than 5 mm h −1 dividing by total hours with observations, exhibits a high value in the areas close to piedmont windward slopes from southwest to northeast (Fig. 3a) , while the high probability values of hourly precipitation over 5 mm h −1 tends to move to the northeastern part of the Beijing Plain (Figs. 3b,  c, and d) . The possible reason for this pattern will be discussed in the next section.
Related circulation
From the wind profile based on the NCEP final analysis data, it was demonstrated that the tropospheric circulation around Beijing exhibits a diurnal reversal of wind direction, which may be related to the mountain-valley circulation (Figs. 4a, b) . At 0800 LST, wind in the lower troposphere was northerly (Fig. 4a) , while it was strongly southerly at 2000 LST (Fig. 4b) . Recalling that the mountainous regions are located to the north and northwest of Beijing, the northerly wind at 0800 LST and southerly wind at 2000 LST seem to represent the so-called down-valley and up-valley wind, respectively. The reversal of wind direction is confined in the lower troposphere, from the surface up to the 800 hPa level. In the upper level, strong westerly or northwesterly wind prevails both at 0800 LST and at 2000 LST.
This reversal of wind direction is also confirmed by the in situ surface wind observation for the 26 stations during 1990-2007. The wind directions for most stations are opposite between 0800 LST and 2000 LST (Figs. 4c, d) . At 0800 LST, surface wind tends to be from the northern and western mountainous areas, while at 2000 LST, surface wind is from the southern valley area. At 0200 LST and 1400 LST, wind directions are not so homogeneous, but it seems that wind directions point to the city center, which may be attributed to urban-country circulation (figures not shown) . Furthermore, additional details of diurnal variations of surface wind are examined based on hourly wind data. It is found that the transition time from the up-valley wind to down-valley wind after sunset is quite different among stations, as is that from down-valley wind to up-valley wind after sunrise. The transition time is earlier for the stations closer to mountains as shown in Fig. 5 . For Shangdianzi, Miyun, Shunyi, Zhuozhou, and Gu'an (Figs. 5a,  b, c, e, f) , the transition time from southerly wind to northerly wind is about 1900, 2000, 2300, 0100, and 0200 LST respectively; that from northerly wind to southerly wind is about 0800, 1100, 1100, 1100, and 1200 LST, respectively. The wind direction does not change until 0700 LST for Daxing (Fig. 5d) , which is possibly attributed to urban-country circulation. Daxing is located to the south of the urban area, where the country wind in the night points to the city center from the south.
Possible effects of mountain-valley circulation and urbanization
As suggested by the diurnal variations of surface wind around the Beijing area, the urban and country winds may affect diurnal changes in local circulation and further affect precipitation. To detect the urban effect on diurnal variations of precipitation in Beijing, eleven representative stations in the plain area are grouped into three regions which represent the southwest suburbs, the urban area, and the northeast suburbs (Fig. 1) . The southwest suburb group includes Zhuozhou, Gu'an, and Langfang; the urban group includes Haidian, Fengtai, Tongxian, Guanxiangtai, and Daxing; and the northeast suburb group includes Miyun, Pinggu, and Shunyi (see Fig. 1 ). These stations are selected because they are relatively far from mountainous areas. Note that Chaoyang station is not selected because it is surrounded by trees and cannot represent the urban climate anymore (Wang and Hu, 2006) . Huairou station is not selected because its location has been changed since 1996 and the temperature shows a decreasing trend since 1990, which is not consistent with the increasing trend of other stations in the Beijing Plain. Overall, from late afternoon to late evening, the normalized frequency for the northeast group exhibits the highest probability and that for the southwest group exhibits the lowest. On the contrary, in the morning from about 0200 to 1000 LST, the southwest group and urban group show higher normalized probability than the northeast group (Fig. 6) . Figure 6 supports that the differences among three groups are quite obvious during 1900-2300 LST and 0400-0800 LST.
The higher occurrence of nighttime rain in Beijing is presumed to be mainly attributed to mountainvalley circulation. In summer, southerly and southeast- erly winds originating from the prevailing East Asian monsoon circulation supply a lot of moisture for precipitation, which seems to be one of the prerequisites. In the afternoon, the divergence at the 950 hPa level is negative in the western and northern mountainous areas, which indicates that upward motions are developing and coincident with the afternoon peak of diurnal precipitation variations in this area. At the same time, the downward motion leads to a low probability of precipitation over the plain (Figs. 7a, b) . After sunset, wind becomes mountainous, and, thus, relatively cool air from mountainous rural areas converges in the warmer plain urban areas (Fig. 7c) , possibly causing the nocturnal precipitation maximum in the plain, similarly suggested by Jiang and Liu (2007) . At 0800 LST, the convergence remains over the plain but is substantially weakened (Fig. 7d) .
Also, diurnal variations of precipitation in the Beijing area show some modulation from the urbanization effect. The urban heat island is known to increase the thermal difference between mountains and plains (Lin and Yu, 2005) , which may further enhance the so-called Mountain-Plains Solenoid (MPS). From 1400 LST to 0200 LST, the northeast group shows the highest normalized precipitation probability, while the southwest group shows the lowest, but the opposite situation is found from 0200 LST to 1400 LST (Fig. 6 ). This pattern may be attributed to the combined effects of mountain-valley topography and urbanization. Namely, in the afternoon, when the surface wind is from south, the probability of rainfall in the urban center and downwind area (northeast suburbs now) increase (Fig. 6) . On the contrary, in the early evening around 2000 LST, when valley wind begins to change to mountainous wind for stations in the northeastern part of the Beijing Plain, resulting winds from the west, northwest, and northeast begin to converge in the plain. Thus the northeastern area, where Miyun, Shunyi, and Pinggu are located, can likely be the convergence point, where it is easily to trigger precipitation. The convective rain triggered by the convergence of cool mountainous winds and the warm urban atmosphere seems to induce heavy rain intensity in the northeastern part of the Beijing Plain, where the hourly precipitation with an intensity higher than 5 mm h −1 exhibits highest frequency. As the wind direction begins to change in the urban area and southwest suburb after 0100 LST, the corresponding precipitation probabilities in these areas also increase rapidly. Therefore, the normalized frequency of rainfall in the urban and downwind area (southwest suburbs now) is found to be higher than that in the northeast area in the early morning during 0400-0800 LST. This transition of the highest normalized precipitation probability within a day (from the northeast area in the afternoon and evening to the southwest area in the morning) may induce insignificant differences between upwind and downwind areas if the indicator is daily or seasonal precipitation as shown in studies by Sun and Shu (2007) and Wang et al. (2008b) .
Conclusion
The present study has investigated detailed characteristics of the diurnal variation of precipitation in Beijing and suggested possible influences from localized circulation characteristics induced by mountainvalley topography and urbanization effects. The spatial variations of precipitation are generally influenced by large-scale systems, local topography, and LUCC (land-use and land-cover change). The effect of largescale systems on precipitation distribution could be generally regarded as the same within a city scope. The difficulty is how to distinguish and separate the effect of topography from urban effects on diurnal variations of precipitation, which is necessary when the effects of human activities on climate change are to be evaluated. We will further explore this by using a longer series of hourly data and utilizing mesoscale model experiments. The study may be useful for refining short-range precipitation forecasts and, further, be a benefit for urban drainage system planning and water resources protection in the Beijing area.
